Introduction
Solar panels occupy more than one million rooftops across the United States and will soon occupy a million more (Solar Energy Industry Association 2016). Rapid growth of rooftop solar is impelled by a decade-long, exponential decline in technology costs and by generous federal and state subsidies and binding state mandates. Solar policies are intended to increase the supply of clean electricity that displaces polluting generation from fossil fuel plants.
Many policies intend also to lower electricity transmission costs by expressly favoring rooftop solar over distant large-capacity solar farms. Such policies contribute to an ongoing and profound transition of the electric grid that upends the traditional role of electric utilities in coordinating investment.
Whether such policies appropriately value avoided pollution is largely unknown.
Likewise, it is not understood if they direct capacity investments to their highest value locations along the electricity grid. A determination of public solar benefits and of optimal solar siting is not straightforward because solar generation, displaced pollution emissions, and marginal costs of electricity supply vary across space and time as a function of solar resource availability and regional electricity grid characteristics. Solar generation that avoids coal plant production, for instance, delivers more than twice the environmental benefits of generation that displaces natural gas supply, ceteris paribus (Edenhofer, 2011; Caulton et al., 2014; Jaramillo et al., 2007) . Failure to account for heterogeneity in emissions resulting from marginal power generation can yield perverse policy outcomes, as Holland et al. (2016) observed in the context of electric vehicle subsidies. Similarly, the energy value of distributed solar capacity and its contribution to transmission cost avoidance depend upon where the capacity is sited. Though the energy value of solar capacity is appropriable by investors, state subsidies obscure the social benefits of generation, potentially leading to capacity allocation that foregoes energy value even within states.
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This paper, therefore, investigates the efficiency of existing solar policy and capacity investments. It does so by building upon previous econometric modeling of marginal emissions (e.g., Graff-Zivin et al. 2014; Holland et al. 2016) to derive the first systematic, theoretically consistent, and empirically valid estimates of the spatially varying environmental benefits of solar capacity. Unique, monetized estimates of avoided environmental damages are generated for each of 30,105 zip codes across the U.S. These avoided damages are compared to the combined value of state and federal solar subsidies in order to provide the first comprehensive comparison of the streams of solar subsidies and environmental benefits. Also uniquely estimated in this paper via high-resolution air transport modeling are the magnitudes of local solar benefits-those appropriated within the states that investments are made. The energy value of solar capacity is estimated using data on electricity marginal costs at hundreds of grid management jurisdictions across the U.S.
The contribution of solar capacity to alleviation of transmission constraints is also measured in California using local marginal prices that vary across hundreds of network nodes and reflect grid congestion costs.
Results suggest the discounted stream of subsidies to a typical rooftop solar array exceeds the discounted stream of environmental benefits by only a few hundred dollars, though environmental benefits and subsidies are negatively correlated in the data. Some panels are subsidized as much as $25,000 in excess of environmental benefits, while others are under-subsidized by as much as $10,000. Annual environmental benefits vary by a factor of 20 across the U.S., from $61 in Maynard, Mass. to $1,224 in Bloxom, Virginia. They also vary non-trivially within states. Yet virtually no solar policy accounts for heterogeneity in solar capacity benefits. More than 85 percent of environmental benefits spillover to neighboring states. This suggests that (1) free-riding may constrain efficient solar capacity investments in the U.S. absent national coordination; (2) local air quality improvements may be forsaken by state policies promoting only in-state capacity, and (3) state dollars for local air quality improvement may be better directed to other technologies or interventions.
Total benefits of solar generation-inclusive of energy values-are estimated to be greatest in the Midwest and Mid-Atlantic. They are least in the West, and particularly the West Coast, where approximately two-thirds of systems are located. These differences are primarily attributable to heterogeneity in marginal responding fossil generation. If installed solar capacity could be costlessly reallocated across states, annual total capacity benefits would increase by as much as $1.3 billion, reflecting predominantly gains in environmental benefits. In California, we find no evidence that rooftop solar capacity systematically relieves congestion. Approximately two-thirds of the 900,000 rooftop solar arrays is located upstream from transmission bottlenecks, contributing to congestion rather than relieving it. If capacity were efficiently allocated, congestion relief benefits in California would have been no more than $15 million in 2017-approximately 7% of total energy value. This paper is related to work by Cullen (2013) and Novan (2015) , who use similar econometric techniques to value wind energy. It is also related to Callaway et al. (2018) , who evaluate the carbon emissions displaced by alternative technologies, including energy efficiency investments and solar panels. They estimate that solar is subsidized by $163-455
per MWh in excess of the value of carbon emissions avoidance. They do not consider avoidance of local air pollution emissions. Siler-Evans et al. (2013) is most similar to this paper in ambition. It estimates the value of carbon and criteria pollution emissions displaced by solar capacity in each of 22 U.S. subregions. As Graff-Zivin et al. (2014) note, however, their empirical approach is valid only under the assumptions that (1) all consumption in a region is met by power plants in the same region; (2) marginal electricity is supplied only by power plants whose generation is reported in a federal administrative record; (3) aggregate fossil-fuel generation is exogenous; and (4) ad hoc corrections for line losses are constant over location and time. The approach of Callaway et al. (2018) also relies on some of these assumptions. (Graff-Zivin et al. 2014) . Finally, our generator-specific estimates of pollution responses afford high-resolution and high-fidelity modeling of avoided pollution damages. Siler-Evans et al. (2013) and Callaway et al. (2018) , instead, generate estimates of marginal emissions only for aggregate regions. This poses no difficulty for valuing avoided emissions of globally mixing pollutants, like carbon, as in Callaway et al. (2018) . But it hinders valuation of avoided local pollutant emissions, damages from which depend upon exposure of populations and economic production. Our high-resolution modeling of avoided emissions uniquely equips us to estimate the magnitudes of appropriable environmental benefits. This paper is also the first to empirically estimate grid benefits of rooftop solar. This paper proceeds by considering the theory of solar policy and efficient capacity allocation in Section 2. Data and empirical methods are introduced in Section 3. Model results and simulations are presented in Section 4. Section 5 considers the implications of these results for solar policy, including the policy preference for distributed renewable energy capacity. A final section concludes.
2 Policy Design for Optimal Solar Siting
Electricity generation by coal, oil, and natural gas plants is responsible for considerable air pollution in the U.S. and other developed countries. In the U.S., it emits one-third of anthropogenic greenhouse gases that contribute to global warming. It also produces 60 percent of sulfur dioxide and 13 percent of nitrous oxide emissions that harm human health (U.S. Environmental Protection Agency 2012). Solar electricity generation, in contrast, emits no pollution. Were pollution costs borne by emitters, then solar generators would appropriate the benefits of emissions avoidance by escaping pollution costs. However, the pollution taxes or tradable permit programs that internalize pollution costs to emitters are rare in the U.S. and the rest of the world. Instead, uniform technology standards and other command and control regulations are the norm where pollution is regulated at all. Absent efficient prices on pollution, solar is undervalued, and the pollution avoidance benefit is unappropriated by the solar generator (e.g., Baker et al. 2013; Borenstein 2012; Pigou 1920 ). In such a suboptimal regulatory setting, policy to support solar capacity or generation can correct an under-provision problem.
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High fixed costs have made solar more costly than all other forms of power generation except offshore wind (Energy Information Administration 2013; Borenstein 2012).
Consequently, solar's small share of electricity generation has been induced by favorable policy regimes that date to the oil embargo and energy crisis of the 1970s. Though solar accounted for 26 percent of U.S. electricity generating capacity additions in 2015, it constituted less than 2 percent of total generating capacity and provided only 0.6 percent of electricity generation (Energy Information Administration 2016a, Energy Information 1 Solar policy like subsidies can never a first-best pollution control policy because unpriced pollution leads to under-priced dirty electricity generation, not over-priced clean generation. Solar policy lowers the cost of the homogeneous product electricity, rather than raising it ( Borenstein 2012) .
2 Because the marginal costs of solar generation are essentially nil-the feedstock is free-policy promoting capacity is essentially analogous to policy promoting generation. weather characteristics. Potential generation is also used to value the energy production of solar capacity using hourly, region-specific estimates of electricity marginal cost.
Marginal emissions
In order to estimate the emissions avoided by a unit of solar generation, it is necessary to identify which power plants respond to the marginal reduction in net load. 6 As described above, the plant that operates on the margin will vary according to when and where the unit of solar generation is produced. We determine these marginal emissions by adapting the reduced-form regression equations implemented by Graff-Zivin et al. (2014) 
where y it is pollutant emissions at plant i at time t; LOAD tj is a continuous variable measuring demand in eGRID subregion j at time t, and HOU R, eGRID, and M OY are indicator variables for each hour of the day, each eGRID subregion within the interconnection of plant i, and each month of the year (MOY), respectively. This yields for each plant and each pollutant a vector of marginal emissions coefficients, β ijhm , equal to 24 × j(i) × 12.
Likewise, M OS and DAY are indicators for each month of the sample and weekdays, respectively. To control for potentially correlated, non-reported generation, we condition on an indicator of contemporaneous solar generation in each subregion, s jt . An idiosyncratic error is denoted by it . Equation (1) is estimated by ordinary least squares.
Distinct from HMMY, this model permits the hourly-plant-specific marginal emission responses to vary by each month of the year to account for seasonal patterns in the fossil-fuel 7 Subregions are defined as eGrid subregions, which are geographical aggregations of electricity generators used by the U.S. Environmental Protection Agency and and the Energy Information Administration for policy analysis, including assessment of carbon footprints and renewable portfolio standards. We further aggregate some eGrid subregions with highly correlated loads. Specifically, NYCW, NYLI, and NYUP are combined with the NEWE to form a single NY-New England subregion; MROE is combined with the MROW to form a single MRO; RFCE and RFCM are combined with RFCW to form a single RFC; and SPNO is combined with SPSO to form a single SPP. generation mix and in solar generation. It also absorbs average load differentials across weekends and weekdays via the DAY fixed effect. Like HMMY, it permits plant i's emissions to respond to increased demand anywhere within the interconnection via a distinct coefficient for demand in each of the eGRID regions within the interconnection. LOAD tj is treated as exogenous because retail electricity prices do not vary with wholesale prices with very few exceptions, and, hence, the derived demand is perfectly inelastic. Relative to the related literature, we uniquely condition on solar irradiance, s jt , to control for potentially correlated non-reported generation. We lack data on hydro generation, which may be correlated with net load. However, like Callaway et al. (2018) , we assume average temporal patterns of hydro production will not change in response to marginal changes in net load. This is because maximization of arbitrage opportunities tends to require that any displaced hydro generation on a given day is replaced on a subsequent day during a similar hour with similar marginal emissions. Thus, even if hydro generation is correlated with net load conditional on month-specific hour fixed effects, our estimates of marginal emissions responses are unlikely to be biased. Wind is assumed to be orthogonal to load conditional on the month-specific hour fixed effects. This yields weighted-average solar irradiance for each subregion and each hour. 
Data on hourly emissions of CO

Solar generation
The marginal emission coefficients obtained from estimation of (1) systems (Blair et al. 2013) . For a typical meteorological year, SAM combines solar irradiance measured at 4-square-kilometer resolution and weather data from more than 1,000 weather stations to estimate system generation for solar panels installed in the continental U.S.
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Typical system parameters are assumed in modeling system generation. We assume system tilt matches latitude and panel orientation is southward. These conditions are necessary to maximize generation in North America.
Modeled annual solar generation at each zip code in the contiguous U.S. is summarized in Figure 1 . Summary statistics are reported in the top panel of Table 1 . Mean annual 10 Observations of pollutant emissions greater than six standard deviations from the mean are omitted. 11 Variation in rooftop solar generation is reflected in load variation because it occurs behind-the-meter. Hence, it does not bias our parameter estimates and is safely subsumed into load.
12 More information about the typical meteorological year data is available at http://www.nrel.gov/docs/ fy08osti/43156.pdf.
generation for a 4-kW system is 6,357 kWh. It varies by a factor of 2 from 4,344 kWh in Arlington, Washington to 8,647.4 kWh in Lone Pine, California. The within-state standard deviation varies from 55.7 kWh to 636.6 kWh. The mean within-state standard deviation is 239 kWh. The spatial heterogeneity of pollution damages is depicted in Figure 2 , which shows the estimated damages from one ton of SO 2 emissions in each county of the contiguous U.S. 
Exposure and damages
Subsidies
We seek to compare estimated damages avoided by solar generation to federal and state-level solar subsidies. In addition to the federal investment tax credit (ITC) for renewables, state incentives include sales and property tax exemptions, capacity subsidies, and solar renewable energy certificate (SREC) programs. We obtain information on the solar incentives offered by each state from the Database of Solar Incentives for Renewables and Efficiency (DSIRE) (North Carolina Clean Energy Technology Center, 2018) and from the Lawrence Berkeley National Laboratory's "Tracking the Sun" project (Barbose et al. 2017 and Barbose et al. 2012 ). The value of subsidy programs for each state is calculated as the sum of federal and state incentives discounted at a 5% annual rate over a 20-year lifetime. State subsidies exclusive of the federal ITC are also computed.
We assume solar array costs in each year from 2000 to 2016 are those reported by Barbose et al. (2017) and Barbose et al. (2012) . These costs are used to calculate the value of the ITC, property tax excemptions, and other state incentives based upon system costs. For property tax exemptions, we assume the increase in property value subject to the property tax is equal to the system cost. Then we use state-level real-estate tax estimates calculated as the median real-estate tax payment divided by the median home value using data obtained from the 2017 American Community Survey (U.S. Census Bureau 2017). Similarly, sales tax exemptions are calculated based on the system cost using sales tax approximations equal to the sum of the state sales tax and the average local sales tax (Walczak and Drenkard 2017) . We obtain SREC price data by digitizing the daily average prices from February 2017 to February 2018 reported by SREC Trade. 14 In our subsidy calculations, we use the mean price over the entire period. Net energy metering subsidies are valued as state-specific differences between average retail price and average marginal cost. The former are obtained from EIA (Energy Information Administration 2018). The latter were generously provided by Borenstein and Bushnell (2018) and are further discussed in Section 4.2. SREC and NEM subsidies generate benefit streams according to generation that is evaluated as state averages of zip-code specific generation estimates. The stream of subsidies is discounted to present value at 5 percent.
Electricity marginal costs
Energy value of solar generation is determined by location and hour-specific electricity marginal costs. Electricity marginal costs are measured in one of two ways for each region of the U.S. Where Independent System Operators (ISOs) manage the electricity grid, marginal costs are measured as local marginal prices (LMPs) published by the ISOs for each hour and each node of the network. Where LMPs are not reported, marginal costs are measured as the hourly "system lambda" reported to the FERC by grid operators. 15 Both data sets were generously provided by Borenstein and Bushnell (2018) , who assembled them to measure retail price deviation from the sum of private marginal costs and marginal external costs.
We map these local marginal prices and system lambdas to zip codes in order to estimate the value of solar generation in each zip code.
LMPs reflect the sum of two shadow values from the constrained optimization performed by grid operator to dispatch generation. The first is the value common to all LMPs that reflects the marginal cost of serving load. The second is the shadow value on transmission constraints between nodes of the network. These constraints abide by laws of physics and ensure line capacity is not exceeded. These shadow values vary for each node of the ISO grids, reflecting congestion costs. For those hours in which an ISO network is free of congestion, LMPs converge to the common shadow value on the load constraint.
Amid congestion, prices at nodes upstream of constraints fall, reflecting negative shadow values, and prices at nodes downstream of constraints rise, reflecting positive shadow values attributable to the dispatch of out-of-merit-order generation necessary to reach congested nodes.
The system lambda is an engineering calculation of the shadow cost of a marginal change in production. As Borenstein and Bushnell (2018) note, FERC Form 714 surveys are not of uniformly high quality, so they incorporate data that are deemed most reliable, as described in their paper. System lambdas also likely do not reflect scarcity rents or full congestion costs and transmission losses. Neither LMPs nor system lambdas reflect distribution losses, which Borenstein and Bushnell (2018) estimate as a time-varying hourly rate from EIA Form 861 data. These losses are used to scale marginal cost calculations and are estimated to average 6.2%.
Congestion relief benefits of solar capacity are evaluated using hourly LMPs and congestion prices reported by the California Independent System Operator for 2017.
Congestion prices are equal to the shadow value on transmission constraints for each network node. The second panel of Table 1 reports summary statistics for estimated annual total damages avoided and estimated annual avoided damages from each modeled pollutant for a 4-kW capacity system in each zip code. Mean damages avoided across the country are estimated at $569 per system per year, or $7,091 in present value terms over the lifetime of a typical 4kW system. 18 A majority (57%) of these avoided damages is a consequence of reduced SO 2 emissions. Twenty-nine percent of avoided damages are due to reduced CO 2 .
Reduced NO X is responsible for 10% of avoided damages, while 4% are due to reduced PM 2.5 .
These total avoided damages from rooftop solar PV are presented for each zip code in Results from these simulations are reported in Table 3 . The most conservative simulation we consider reallocates solar capacity within states to 30 percent of rooftops in zip codes that yield the greatest environmental benefits. This reallocation generates a 13 percent gain in environmental benefits equal to $45 million per year. The locations of reallocated solar capacity are depicted (in blue) relative to the installed solar capacity (in red) in Figure   9 . Of the 12,840 zip codes across the U.S. in which rooftop capacity is currently installed, 97 percent-all but 386-would lose all capacity under a constrained intrastate reallocation.
Of the 1.45 million rooftop arrays installed across the U.S., 90 percent would be sited in different zip codes in order to maximize environmental benefits (subject to grid stability concerns). Cities in California's Inland Empire and Desert regions east of Los Angeles gain the most systems, whereas locations in Northern California lose the most.
An unconstrained reallocation of solar capacity within states generates 18 percent greater environmental benefits, yielding a $63 million gain each year over existing capacity.
Reallocating capacity across state lines yields nearly a five-fold gain in environmental benefits, increasing annual benefits by $1.3 billion regardless of grid stability constraints. If solar were limited to 30 percent of zip code rooftops, it would optimally be allocated to only 2,312 zip codes in nine states-Delaware, Illinois, Indiana, Iowa, Maryland, Missouri, New Jersey, Pennsylvania, and Virginia. This is depicted in figure 10 . Environmental benefits from solar capacity would be maximized subject to grid concerns by adding 394,000 arrays to Missouri rooftops, only about 10,000 of which currently have solar panels. Maryland would also gain more than 300,000 systems, where currently only 11,000 are located. Substantial gains from national reallocation of solar capacity reflect the misallocation of capacity in California, where nearly two-thirds of all rooftop solar is located. It generates only $0.02 in environmental benefits per kWh compared to benefits as large as $0.18 on the East Coast.
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Appropriated environmental benefits
Because solar capacity investments affect pollution concentrations as a function of (1) emissions changes at marginal (responding) generators potentially located across vast electricity grids, and (2) the transport and mixing of emissions in the atmosphere, avoided exposures may not occur local to solar capacity investments. The inability of an investor to appropriate the benefits of avoided emissions is precisely the motivation for solar subsidies.
Like individual agents, however, states are likely only to appropriate a fraction of the environmental benefits of capacity investments they subsidize. This suggests states or regional governments generally may also under-invest in solar generation. In order to assess the return to state investments in solar subsidies and the magnitude of the state-level externality problem, we compute the shares of environmental benefits from local pollution mitigation that are appropriated by the states in which solar capacity investments are made.
These are determined as averages of in-state capacity benefits across zip codes.
The appropriated shares of damages avoided by reduced NO X , SO 2 , and PM 2.5 emissions are depicted for each state in figure 8 and Elsewhere, the single greatest beneficiary of solar generation is not the state in which solar capacity is located. For 34 states, the largest, single out-of-state beneficiary receives more than twice the benefits of the local state in which capacity is sited. For more than half, the ratio of benefits is four to one. 
Energy value
Though policy is justified by non-appropriated environmental benefits, the value of solar capacity depends also upon the energy value of generated electricity. This varies within and across states according to characteristics of generators and the electricity grid. As previously discussed, solar policy in many states causes prices received by rooftop solar generators to deviate from energy value and to be invariant to local variation imposed by transmission constraints. To estimate locations in which solar capacity is of greatest total value, we sum estimates of marginal avoided damages and estimates of the marginal costs of electricity generation. environmental benefits are modestly negatively correlated in the data (ρ = −0.14).
Because the energy value of solar capacity depends partly upon whether it contributes to or alleviates transmission congestion, and because congestion relief is deemed one of the benefits of distributed solar capacity, we assess whether installed capacity in California avoids transmission costs using hourly LMPs and congestion prices in 2017. If the more than 900,000 rooftop solar arrays in California contributed to congestion relief, then the mean, generation-weighted congestion price would be positive, indicating that the typical rooftop system generates electricity downstream from a bottleneck, where it is particularly valuable.
It thus contributes to congestion relief. If mean congestion prices are negative, then the typical array is sited upstream from a bottleneck, generating electricity where it is relatively abundant and contributing to congestion.
Valuing hourly rooftop solar congestion benefits in each zip code in a typical year at the congestion price of the most proximate network node realized in 2017, we estimate the average rooftop solar array in California does not generate congestion relief benefits. The annual value of congestion relief benefits is $-1.09, indicating the system is installed at a node typically upstream of a transmission bottleneck, where generation is relatively cheap when transmission constraints bind. Across zip codes, congestion relief benefits of a 4-kW system vary from $-66.27 to $85.17 for 2017. The greatest misallocation of solar capacity occurs in the San Diego metropolitan area. In Chula Vista, a city east of San Diego, 7,800 rooftop systems generated an estimated $374,000 less value in 2017 than they would have generated if the grid were not congested. Installed panels in some San Diego zip codes also generated negative congestion benefits. Yet installed capacity in other zip codes in San
Diego are estimated to have generated the greatest congestion relief in the state, valued at as much as $286,500 in 2017. value generated by the entire installed rooftop capacity in the state. These congestion relief benefits, however, were more than offset by 591,000 systems that contributed to congestion by generating upstream from bottlenecks, foregoing $5.85 million in energy value that would have been realized in the absence of congestion at those nodes.
Reallocation of a 4-kW system from an area of low congestion value to one of high congestion value increases the annual energy value by as much as $150 per year, or $1,870 in present value dollars over the 20-year lifetime of the system. 21 Any sizable reallocation of rooftop solar capacity to high value network nodes causes prices to converge, lowering the 21 Assumes a 5-percent discount rate.
gains from a marginal reallocation. The potential gains from such a reallocation, then, are bounded from above by the difference in current energy value and the product of current local marginal prices and optimized solar capacity. We estimate these gains assuming solar is reallocated to highest local marginal price zip codes subject to the constraint that solar occupies no more than 30-percent of zip code rooftops in order to mitigate grid stability concerns. Energy value of installed capacity is estimated to increase by $15 million per year or 8.5 percent of current energy value.
Uncertainty and sensitivity
The results reported in this section are estimated with uncertainty for several reasons. Also, to the extent that pollution emissions are restricted by binding emissions caps, as intended by some EPA programs and state carbon policies, then our estimates of avoided damages are too high (Holland et al. (2016) . As Holland et al. (2016) note, however, it is likely that caps in some of these pollution markets were not binding during the study period, diminishing concern about this source of bias in our estimates. Policy also distorts prices private investors receive for the energy value of their generation. Net metering policies common to 41 states pay solar generators at rates exceeding wholesale prices or electricity marginal costs. These prices are also invariant to congestion benefits. Unsurprisingly, therefore, there is no evidence that California's more than 900,000 rooftop solar arrays help to alleviate congestion, even though congestion relief is a purported benefit of distributed solar capacity.
The foregone energy and environmental benefits of rooftop solar capacity constitute a cost of policies that favor investments in distributed generation capacity over utility-scale capacity investments that are governed by price signals that appropriately value energy, if not avoided pollution. Policy can be better targeted to achieve efficient capacity allocations. Subsidies can vary with site-specific environmental benefits and compensation for energy value can vary with local marginal costs. Still, incentive programs will invariably be plagued by free riding among inframarginal solar adopters who take advantage of incentives even though they would make capacity investments absent policy. Hughes and Podolefsky (2015) , for instance, estimate a rebate elasticity of solar adoption in California of about 0.5, suggesting considerable program cost per additional kW of installed capacity.
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Inframarginal adopters not only limit additionality of public expenditures, but also diminish the likelihood that capacity is installed in highest-benefit areas. The cost-effectiveness of solar policy is, thus, diminished relative to direct public investments in capacity like those made by regulated utilities or utility-contracted independent generators.
The historic role of utilities in directing grid investments is threatened by generous subsidies in many states to rooftop solar capacity relative to central-plant solar. The persistence of utilities is also threatened by net-metering policies in many states that allow solar adopters to avoid paying for fixed costs of the grid that are apportioned in volumetric energy charges. This fixed-cost avoidance raises the burdens on non-solar adopters, potentially inducing further solar adoptions-or grid defections-and still higher burdens on non-adopters. Such an unraveling of the market for grid electricity is termed the "utility death spiral," and it could yield autarchic markets like those that existed a century ago. If rooftop solar capacity yields no congestion relief, as we show in California, then the persistence of a policy preference for distributed generation solar must reflect other policy maker objectives.
These results also highlight a cost of policy preferences that favor within border renewable energy generation over renewable electricity imports. Twenty-nine states have renewable portfolio standards that are intended to reduce emissions of globally mixing greenhouse gases and improve local air pollution. For many states, the greatest carbon mitigation and improvement in local air quality may be achieved by capacity investments in other jurisdictions. We have shown that the greatest single beneficiaries of state investments in solar capacity tend not to be the states in which the investments are made, but rather other states that are linked via physical processes of the electric grid and air transport.
Coasian transactions among states could achieve greater efficiency in solar siting decisions.
This analysis also shows that states capture only 15 percent of the local pollution benefits generated by solar capacity investments. 
Conclusion
This paper provides the first systematic, theoretically consistent and empirically valid estimates of the heterogeneous environmental benefits of rooftop solar capacity investments across the U.S. The average environmental benefits are equal to $569 per year, though these would increase if capacity were allocated across states-or even within them-in order to maximize these benefits. These benefits are estimated to be greatest in the U.S. 
